Two immunological approaches were used to determine if ribulose bisphosphate carboxylase oxygenase (RuBisCo) is present in guard cell chloroplasts. Immunocytochemistry on thin plastic sections using tissue samples that were processed using traditional glutaraldehyde/osmium fixation and then restored to antigenicity with metaperiodate treatment, resulted in labeling over wild-type mesophyll and guard cell plastids of several green and white variegated Pelargonium chimeras. The density of immunogold labeling in guard cell chloroplasts was only about oneseventh of that noted in mesophyll chloroplasts on a square micron basis. Because guard cell chloroplasts are much smaller than mesophyll chloroplasts, and occur at lower quantities/cell, the relative differences in RuBisCo concentration between the cell types indicate that guard cells have only 0.48% of the RuBisCo of mesophyll cells. No reaction was noted over 70S ribosomeless plastids of these chimeras even though adjacent green chloroplasts were heavily stained, indicating the high specificity of the reaction for RuBisCo. Spurr's resin gave the most successful colloidal gold labeling in terms of low background staining and structural detail but L. R. White's resin appeared to be superior for antigen retention. In the white leaf edges of the white and green Pelargonium chimeras, the only green, functional chloroplasts are in the guard cells. When either whole tissue or plastid enriched extracts from this white tissue were electrophoresed, blotted, and probed with anti-RuBisCo a large subunit band was detected, identical to that in the green tissue. These data indicate that a low, but detectable, level of RuBisCo is present in guard cell chloroplasts.
ABSTRACT
Two immunological approaches were used to determine if ribulose bisphosphate carboxylase oxygenase (RuBisCo) is present in guard cell chloroplasts. Immunocytochemistry on thin plastic sections using tissue samples that were processed using traditional glutaraldehyde/osmium fixation and then restored to antigenicity with metaperiodate treatment, resulted in labeling over wild-type mesophyll and guard cell plastids of several green and white variegated Pelargonium chimeras. The density of immunogold labeling in guard cell chloroplasts was only about oneseventh of that noted in mesophyll chloroplasts on a square micron basis. Because guard cell chloroplasts are much smaller than mesophyll chloroplasts, and occur at lower quantities/cell, the relative differences in RuBisCo concentration between the cell types indicate that guard cells have only 0.48% of the RuBisCo of mesophyll cells. No reaction was noted over 70S ribosomeless plastids of these chimeras even though adjacent green chloroplasts were heavily stained, indicating the high specificity of the reaction for RuBisCo. Spurr's resin gave the most successful colloidal gold labeling in terms of low background staining and structural detail but L. R. White's resin appeared to be superior for antigen retention. In the white leaf edges of the white and green Pelargonium chimeras, the only green, functional chloroplasts are in the guard cells. When either whole tissue or plastid enriched extracts from this white tissue were electrophoresed, blotted, and probed with anti-RuBisCo a large subunit band was detected, identical to that in the green tissue. These data indicate that a low, but detectable, level of RuBisCo is present in guard cell chloroplasts.
The presence of RuBisCo' or any of the other enzymes in the photosynthetic carbon reduction pathway in guard cell chloroplasts has been a matter of considerable debate among stomatal physiologists (6) (7) (8) . For example, although Outlaw et al. (7) did not observe any immunologically detectable RuBisCo in purified guard cell preparations of Vicia faba using rocket immunoelectrophoresis, Zemel and Gepstein (17) detected RuBisCo in this species using both immunofluorescence microscopy and in Western blots. Madhavan and Smith (6) detected RuBisCo in some species of plants by immunofluo-escence but not in all. The reports of the absence of RuBisCo in at least some guard cell chloroplasts (6) (7) (8) are pardoxical in that both photosystem I and II activity are present in guard cells (12, 15 188 tial other than CO2 reduction have been proposed, such as the active ion transport required for guard cell movement.
In this report, two new approaches to determine if RuBisCo is present in guard cell chloroplasts are utilized. Electron microscopic cytochemistry on thin sections using colloidal gold (1) has the advantage over immunofluorescence microscopy in that the high endogenous fluorescence of the chloroplasts (14) does not have to be masked and the problems associated with penetration of the immunocytochemical reagents (14) are eliminated. This approach allows unambiguous detection of the protein as well as allowing for a high degree of structural clarity. In addition, a semiquantitative measure of protein levels may be obtained by morphometric analysis of the density of the colloidal gold labeling (1) . As an internal control, some Pelargonium chimeras that have genetically wild-type chloroplasts in the epidermis and some ofthe mesophyll tissue in the center ofthe leaf, but nonfunctional 70S ribosomeless plastids (and lacking RuBisCo) in the mesophyll tissue adjacent to the epidermis and throughout the leaf edge (2) Electrophoresis and Western Blotting. Three g of tissue were ground with a chilled mortar and pestle in 20 ml of 4°C grinding media (9) . An equal weight of insoluble PVPP was added to prevent reactions of polyphenols. The brei was filtered through Miracloth into chilled centrifuge tubes and centrifuged at 150g for 5 min to remove cells and starch and at 6,000g for 15 min to isolate plastids. These plastid-enriched pellets were then solubilized in stacking gel buffer (4) supplemented with 5% (w/v) sucrose, 10% (v/v) glycerol, 0.1% (v/v) f,-mercaptoethanol, and 6% (w/v) lithium dodecyl sulfate. White and green leaf tissue was also ground directly in stacking gel buffer (4) supplemented with an equal weight volume of PVPP. The brei was passed through Miracloth into chilled centrifuge tubes and centrifuged at 13,000g for 15 min. An aliquot of this material was mixed with an equal aliquot of the chloroplast solubilization media. Both the solubilized chloroplast and the soluble leaf protein extracts were centrifuged at 20,000g after solubilization to clarify the extract. A 20 qI aliquot of each was applied to 7.5% (w/v) acrylamide gels prepared according to Laemmli (4) .
Passive capillary blotting and other procedures were as described previously (1 1) . The same anti-RuBisCo serum used for immunostaining (description in Ref. 5) was also used on Western blots.
RESULTS AND DISCUSSION
Three methods were used to demonstrate that the guard cells of the variegated Pelargonium chimeras contain functional chloroplasts. Electron microscopic observation of the guard cells of these chimeras reveal normal appearing guard cell chloroplasts with small grana stacks, peripheral reticulum, and prominent starch grains (Fig. lA) . These are structures typical of guard cell chloroplasts from many species (e.g. 12). In white sectors of leaves observed with fluorescence microscopy, the guard cells are the only cell type which contain red-fluorescing chloroplasts (Fig.  1B) . Third, occasional periclinal divisions of the epidermis (socalled displacements, Ref. 10) give rise to normal green sectors (Fig. 1C) indicating that the epidermal cell layer is genetically wild type. Thus, by these three criteria, the guard cells of these green and white chimeras can be assumed to represent normal guard cell chloroplasts.
Immunogold labeling of chloroplasts of tissue sections that had been processed using traditional glutaraldehyde-osmium fixation procedures but restored to antigenicity with m-periodate offered a high level of subcellular resolution as well as a high level of labeling. Clear resolution of all details of chloroplast ultrastructure was retained, although the m-periodate treatment did render the membranes less well defined (Figs. 2-6 ). Immunogold labeling of green wild-type mesophyll chloroplasts of Pelargonium was heavy and restricted to areas ofthe stroma (Fig.  2) . Very heavy labeling occurred in detached areas of stroma lamellae near the chloroplast envelope and around peripheral reticula (Fig. 3, A and B) . No label was found when no primary antisera were used (not shown), nonimmune sera (not shown), or antisera preadsorbed with leaf extracts containing RuBisCo (Fig. 3C) were used in place of the anti-RuBisCo sera. Likewise, no reactions were noted in the mutant white, 70S ribosomeless plastids of the second histogen of 'Mrs. Parker' or 'Flower of Spring' (Fig. 4) even though yellow, nonfunctional mutant plastids (that are P700 Chl a protein-deficient and contain plastid ribosomes) are heavily gold labeled (Fig. 5A) . Guard cell chloroplasts are also labeled with colloidal gold (Fig. 6, A and B) , even in this white tissue in which the white mesophyll plastids are not (Fig. 4) . Besides the labeling found in the guard cells of these Pelargonium chimeras, guard cells of Eleusine indica, Nicotiana tabacum, Spinacia oleracea, and Sorghum halapense were also labeled using these procedures and antisera (not shown than absolute quantitative data, the comparison of the green, white, and yellow mesophyll plastids with the green guard cell plastids indicates that, although the density of labeling is less than the ribosome-containing mesophyll plastids, a large amount of specific labeling (about one-seventh the density of green mesophyll chloroplasts) is associated with the guard cells ( Table  I ). The size of guard cell chloroplasts (mean length about 3.5 4m versus about 6.5 gum for mesophyll chloroplasts and mean width tissue section in this material (e.g. Fig. SB) . Because the presence ofRuBisCo in guard cell chloroplasts is somewhat controvertible, we utilized Spurr's resin because of its very low background staining and high structural clarity. Detection of proteins that are less abundant (or more sensitive to the denaturing effects of acetone dehydration and embedding in Spurr's resin) may be more effectively immunolabeled in L. R. White's resin.
Western blots of extracts of both green leaves and white leaves or leaf areas (in which the only functional plastids are guard cell plastids) of the variegated Pelargonium 'Mrs. Parker' reacted sequentially with anti-RuBisCo, goat anti-rabbit labeled with peroxidase, and a peroxidase incubation media resulted in strong immunostaining of the large subunit of RuBisCo (Fig. 7) . Like other anti-RuBisCo sera prepared to the holoenzyme (3), this anti-tobacco RuBisCo (5) recognizes only the large subunit. Although Zemel and Gepstein (17) found that protease inhibitors were required to preserve guard cell RuBisCo, the relatively simple homogenization media used in this report preserved an apparently unaltered large subunit of RuBisCo. The differences may be due to the direct homogenization procedures used herein as compared with the relatively long guard cell protoplast isolation utilized by Zemel and Gepstein (17) . Bands This study presents two less equivocal approaches for the detection of RuBisCo in guard cell chloroplasts than some of the other approaches. Guard cell chloroplasts, like all chloroplasts, exhibit a high autofluorescence due to chlorophyll (e.g. Fig. I B) . Some other green autofluorescent compounds are also present, 
